Abstract-Metal sputter deposition processes for semiconductor manufacturing are characterized by a decrease in deposition rate from run to run as the sputter target degrades. The goal is to maintain a desired deposition thickness from wafer to wafer and lot to lot. Run by run (RbR) model-based process control (MBPC) has been applied to metal sputter deposition processes at Texas Instruments. RbR MBPC, based on the exponentiallyweighted moving-average filter, provides the ability to track and compensate for process drifts without a priori assumptions on their magnitude or consistency (from sputter target to sputter target or collimator to collimator). The application of RbR MBPC resulted in an improved C pk of 44% for aluminum sputter deposition, while reducing the number of lot-based monitor wafers by a factor of three. The application of RbR MBPC to the titanium sputter deposition process eliminated look-ahead test runs and reduced the number of monitor wafers by a factor of three. At the same time, C pk was improved by 10% with the application of RbR MBPC.
I. INTRODUCTION
A DVANCED process control (APC) has been recognized as an enabling technology for meeting the increased efficiency and product quality demands which will drive the future profitability of semiconductor manufacturing facilities. The building blocks of an advanced control system are industrial-quality APC methods, sensor and diagnostic technologies, and integration tools. The introduction of new sensors and process diagnostic tools, the maturation of existing technologies in these areas, and the development of integration tools and methodologies are making the application of APC methodologies a reality for the industry. Currently, there exists three primary focus areas for the application of APC techniques: statistical process control (SPC) with model-based process control (MBPC) [1] - [3] , run by run (RbR) MBPC [4] - [10] , and real-time process control (RTPC) [11] - [15] . The application of RTPC is often difficult due to current limitations of integration with tool software and reliability of, and longterm reproducibility of, real-time sensors [16] . On the other hand, SPC with MBPC and RbR MBPC are in the final development stages, with experimental results demonstrating significant improvement in wafer processing efficiency and quality (in terms of test and monitor wafer savings, reduced machine downtime, increased wafer throughput, increased process capability, and decreased product scrap) [17] .
RbR MBPC methods are most applicable to processes which exhibit good quality and reliability within a lot, but whose lot to lot (run by run) performance is plagued by machine wear or inaccurate assumptions made about the consistency of replaceable components. These characteristics suggest that control actions made on a run by run basis may be helpful. In addition, many tools have outputs whose values are affected by machine wear across all processes performed in that tool, but at the same time these values are dependent on the particulars of each process. The use of a process model in MBPC provides the ability to incorporate these process-dependent effects while maintaining an accurate estimate of how the machine state changes from lot to lot. MBPC often results in reduced wafer processing complexity, increased processing efficiency, and improved processing quality. The reduced complexity arises because the controller separates the process and machine dependencies, thereby allowing the operators the freedom from monitoring these differences themselves. The increased efficiency is due to the decreased number of lookahead and lot-based monitor wafers required to effectively control a process. The separation of process variation from the machine variation allows the controller to better estimate the machine state and utilize this information to increase the product quality. Increased product quality is associated with improved process performance, such as process capability, or Metal sputter deposition for semiconductor manufacturing, as we will show, can benefit greatly from RbR MBPC. In particular, sputter deposition experiences a characteristic drift in the deposition rate which occurs across all processes in the tool (or a single chamber of the tool). There is also a dependency of the deposition rate on the final film thickness (process dependence). In this paper, we will demonstrate that these characteristics make RbR MBPC an effective control method for metal sputter deposition. We will apply two RbR MBPC methods, the EWMA controller and the predictorcorrector controller, to two metal sputter deposition processes. We will first employ these controllers in a focused application to the aluminum sputter deposition process with a single thickness goal. We will then describe the general application of these controllers to sputter deposition processes. For titanium, we will use a general modeling approach to separate the 0894-6507/98$10.00 © 1998 IEEE process dependency (rate versus thickness) from the equipment disturbances (drift and noise). We will also compare the two RbR MBPC techniques and identify where each is strongest.
Section II describes the sputter deposition process and examines historical data for two specific sputter deposition processes. The run by run methods and models which characterize the sputter deposition processes are presented in Section III. Section IV contains the experimental results. Finally, Section V presents conclusions and discusses future work.
II. SPUTTER DEPOSITION PROCESSES
A basic diagram for metal sputter deposition is shown in Fig. 1 . Ions are discharged from the plasma which dislodge particles from the metal sputter target. These particles condense on the surface of the wafer. A honeycomb-like collimator is often placed above the wafer to improve bottom coverage in contacts/vias. The goal is to maintain a desired deposition thickness from wafer to wafer and lot to lot.
Achieving the desired film thickness can be difficult because metal sputter deposition processes are characterized by a decrease in deposition rate as the sputter target degrades and material builds up in the collimator. Inconsistencies in the gas flows, vacuum pressure, supplied power, and molecular uniformity of the sputter target contribute various amounts of noise, or variation, in the measured deposition rate in addition to the characteristic drift which occurs from wafer to wafer. In addition, a single chamber in a sputter tool may process several different lot types in which the desired film thicknesses can span a wide range of values. A variety of process goals adds another level of difficulty because the deposition rate can depend on the final film thickness. In this paper, we consider two metal sputter deposition processes, aluminum and titanium, on an Applied Materials Endura 5500, in the Semiconductor Process and Device Center (SPDC) at Texas Instruments. 
A. TiN/Al-0.5% Cu/TiN Stack
The first process we considered was the deposition of aluminum with 0.5% copper at a single desired thickness in a stack of titanium-nitride (TiN), Al-0.5% Cu, and TiN, without the use of a collimator. The TiN thicknesses are small relative to the aluminum thickness and are not considered to adversely affect the measurement of the aluminum sheet resistance. Consider the historical data for this process shown in Fig. 2 . Here we can see the characteristic drift in the deposition rate caused by the degradation of the target over the long term (in kilowatt-hours, KWH). It can also be seen from Fig. 2 that the rate at which the process drifts varies from target to target, and the drift rate may change over the life of a single target. Finally, the starting deposition rate may differ from target to target, as well.
B. Titanium
The second process we considered was the collimated deposition of titanium with desired deposition thicknesses spanning a range of 400Å. As with the aluminum case, the deposition of titanium is characterized by a persistent drift with significant process noise. In fact, the drift in deposition rate is more pronounced for titanium (larger percentage decrease) due to the build up of material inside the collimator. Fig. 3(a) shows the histories for two consecutive collimators for a range of thicknesses as a function of the collimator age (in KWH). The rate appears quite noisy. However, for a reduced range of thicknesses for collimator #2, shown in Fig. 3(b) , the rate appears less noisy, and the persistent drift is more apparent. Similar results were found for small ranges of thicknesses centered elsewhere across the 400-Å total range. These data suggest that the deposition rate is a function of the final film thickness.
III. RUN BY RUN MODEL-BASED PROCESS CONTROL
Maintaining a desired film thickness for the processes described in Section II is difficult since we cannot know a priori what the magnitude of the drift will be. Therefore, in order to control the process, we must maintain an accurate estimate of the deposition rate over the life of the sputter target and collimator. Two common methods for control assume the drift rate is constant over the life of a sputter target. These schemes are typically employed internally to the sputter deposition tool itself. Open-loop compensation strategies which make this constant drift assumption assume the rate on run n is a function of the form
Rate
Rate (1) where is a fixed (negative) constant and is the age of the sputter target in KWH. In the first control method, termed time compensation, the sputter tool utilizes (1) to compensate for the drop in rate by incrementally adding additional process time to the recipe to maintain the thickness goal over the long term. The engineer specifies the value in (1) for each new target/collimator.
A second method, termed power compensation, also assumes a constant drift in rate while adding the power setting to the underlying rate function as follows: where is a known function of the power, , on run The sputter tool compensates for the decrease in rate due to the drift term by increasing power to maintain Rate Rate Again, the engineer specifies explicitly the increase in watts per KWH through While both time and power compensation can be effective control strategies, they inherently do not take into account that each target/collimator generally does not have the same drift rate or that the rate may change over the life of the target/collimator. Thus, these open-loop control techniques require additional supervision in the form of continual monitoring and tweaking of the process time (whether in an ad hoc fashion or utilizing, for instance, SPC techniques) to maintain the deposition thickness at a desired value. This supervision typically requires many test runs and/or lot-based monitor wafers, increasing cost and decreasing the time the tool is available to do useful work.
For those tools which are not capable of internal compensation (either time or power), an alternative combines SPC with MBPC. In SPC with MBPC, SPC is used to monitor the drift in deposition rate. When control limits are reached, or when some supplementary statistical control rules are violated, the rate estimate (the process model) is updated. The update generally includes calculating a new rate based on the data points which triggered the out-of-control condition. The updated rate estimate is used to calculate new process times for subsequent lots. An example of the controlled thickness resulting from SPC with MBPC with control limits only is shown in Fig. 4 . Fig. 4 indicates that while reasonable control is achieved, there exists room for further improvement between model updates. One could argue that a better choice of control limits or statistical rules could improve process performance. However, SPC does not take advantage of our knowledge that the process is, in fact, drifting. RbR MBPC methods, though, are excellent for controlling drifting processes.
A. Controllers Based on Exponentially-Weighted Moving-Average Filtering
The drifting nature of metal sputter deposition indicates that continual changes to the process model and recipe are 
where Rate is the estimate of the rate at the beginning of the target/collimator life and is the estimated error in the deposition rate (from Rate[0]) on run In addition, we would like to adjust this estimate and make changes to the deposition time based on (3) every run (or lot). In this paper, we consider two particular implementations of this strategy, referred to as RbR MBPC. These methods are based on the exponentially-weighted moving-average (EWMA) filter and have been shown to provide excellent control of processes with a persistent drift [8] .
The first implementation of a RbR MBPC strategy, referred to here as the EWMA controller, uses a single EWMA filter to update the value of every run (based on a lot-based monitor wafer). This update is of the form:
where Rate Rate
Equivalently,
is the filter factor, or weight. The time for the next run is then computed using (3) as follows:
Process Time
Desired Thickness Rate
The EWMA controller effectively smoothes out the past data every run in order to best estimate the current process state. The EWMA controller is shown schematically in Fig. 5 for a drifting process. A weighted average of the model errors from previous runs is used to update the current estimate of the rate. If the drift is relatively slow, with frequent model updates, the EWMA controller does a good job of tracking the process state. For instance, the predicted deposition rate for run number 35 in Fig. 5 using the errors from runs 34, 33, etc., is fairly close to the actual value of the rate for run 34. Thus, with a small drift, this estimate will be accurate for run 35. However, for processes with a relatively large drift and/or infrequent model updates, the EWMA controller alone is often not sufficient. In particular, the process at run 35 has drifted further away from the predicted process state (the rate in run 34). As a result, the controller model is again offset from the true rate. This lag is characteristic of a controller trying to compensate a drifting process using past errors to estimate larger future errors. This lag results in a nonzero average deviation between the actual output and the goal.
While the EWMA controller often provides excellent control of slowly drifting or wandering noise (ARMA) processes, a more sophisticated controller is required for larger drifts. An extension of the EWMA controller, the predictor-corrector controller (PCC), incorporates two EWMA filters to tune the process model [7] . In particular, PCC adds an EWMA estimate of the prediction error in the EWMA controller (also called the trend in the error). The prediction of the rate for the next run is then based on the estimate plus the estimate of the trend in the error, Trend This is summarized by the following equations:
where Rate Trend is often taken to be the following:
RateTrend Rate Rate (10) For comparison, the PCC is shown schematically in Fig. 5 , where the EWMA estimated prediction error, or trend, is added to the EWMA estimated rate. This method allows the controller to remove the lag in the EWMA controller. Table I .
B. Utilizing EWMA-Based Controllers to Accommodate More Complex Models
For aluminum, (3) applies across a range of thickness goals. We can determine a starting value for Rate from historical data. However, (3) does not apply directly for the titanium deposition process. For titanium, the deposition rate is a function of the deposited film thickness.
1 Fig. 6 shows an example of the dependence of rate on thickness for the titanium process with a new sputter target and new collimator. The apparent increase in deposition rate with increasing film thickness is in fact an increase in deposition rate with increasing process time due to process start-up effects. We would like to describe the dependence in Fig. 6 by the following relationship:
Rate
Desired Thickness Rate Desired Thickness (11) where Rate Desired Thickness is a simple polynomial expression representing the solid line in Fig. 6 . Equation (11) says that the dependence of rate on thickness is invariant with respect to overall decreases in the deposition rate. Thus, the deposition rate can be determined for any thickness goal at any time during the life of the target/collimator by simply estimating a single value, Equation (11) also implies that test data from only a single thickness, not multiple thicknesses, is needed at any process state to update If (11) is valid, we can save a significant number of test wafers.
Equation (11) is valid only if the dependency of rate on thickness does not change as the target/collimator ages. To prove (11) for titanium sputter deposition, experiments were performed at different combinations of the ages of the sputter target and collimator. The test points are shown in Table I . The experimental results are shown in Fig. 7 . Fig. 7 reveals that although the curves are offset from one another (due to different target/collimator ages), the higher order terms (shapes of the curves) are relatively constant. Thus, we can utilize (11) for titanium together with the EWMA and PCC controllers to try to achieve reduced processing complexity and increased processing efficiency. Specifically, we can update the process model for all thickness goals using the most recent measurement, regardless of the exact film thickness. This greatly reduces the number of required test wafers.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The EWMA and PCC controllers were applied to the aluminum and titanium deposition processes in the Semiconductor Process and Device Center at Texas Instruments. The aluminum experiment covered the life of one target and two process kits, while the titanium experiment covered three different sputter targets and four collimator changes. The experimental results are highlighted below and compared to the corresponding existing control practices.
A. TiN/Al-0.5% Cu/TiN Stack Results
The EWMA and PCC controllers were applied to aluminum and titanium processes according to Fig. 8 . In particular, for each lot the process time (recipe) for the desired film thickness is first downloaded from the controller to the tool. In all cases the power setting was fixed. The lot is then processed, and the monitor wafer is measured. The wafer-state responses (sheet resistances) are next uploaded to the controller. The updated process model is used to calculate the process time for the subsequent lot. The measured rate and corresponding estimate of the process state for the aluminum experiment is given in Fig. 9 . The EWMA controller accurately tracked the decrease in deposition rate over the life of the sputter target. The distribution of errors from the desired thickness for the EWMA controller is revealed in Fig. 10 . With RbR MBPC, control of aluminum thickness was to within 3% of the goal, compared to approximately 5% without MBPC (Fig. 11) . the process capability, was improved by 44% with the EWMA controller.
The PCC controller was also applied to the aluminum sputter process. The distribution of errors for the PCC are plotted in Fig. 12 .
improved by 39% with PCC compared to before RbR MBPC. In this case, the addition of the EWMA controller prediction error removed the slight offset in the mean of the distribution. However, the process variance (spread of the distribution) slightly increased with PCC compared to the EWMA controller. The better overall performance of the EWMA controller was mainly due to timely process sampling, poor initial estimates of the EWMA weights for PCC, and the relatively noisy aluminum metal sputter process (making it difficult to estimate the trend in the error). The choice of weights for both RbR controllers is critical for achieving optimal performance. In-depth discussions regarding optimal weight determination are given elsewhere [18] .
In addition to the improved performance achieved by these RbR MBPC methods, the number of monitor wafers was reduced from one in each lot without RbR MBPC to one in every three lots with RbR MBPC. At the same time, lookahead test wafers were eliminated.
B. Titanium Results
Current practice in SPDC for titanium deposition is very different than for TiN/Al-0.5% Cu/TiN. As opposed to a single thickness goal for aluminum, more than five different thicknesses of titanium are deposited on a regular basis. The current practice is to run lot-based monitor wafers for all lots. Monitor wafers for one thickness are used to estimate rates for other thicknesses within 100Å. However, lots with a thickness goal which has not been run recently are preceded by a look-ahead test wafer. Due to the many monitor and look-ahead wafers, control of titanium sputter deposition before RbR MBPC was quite good. As a result, the goal for RbR MBPC for titanium was increased processing efficiency through the reduction of monitor and look-ahead wafers, while maintaining or improving process performance. As described earlier, processing was simplified with RbR MBPC by allowing data for any film thickness to be used to update the process model. This eliminated the need for look- ahead wafers prior to lot processing (previously approximately one every three lots). The number of monitor wafers during lot processing was reduced from one every lot to one every three lots. To challenge the RbR controllers, lot-based monitors were intentionally run at a variety of thicknesses in a cyclic manner (e.g., 100, 200, 300, 200, 100Å, etc.) This insured that each film thickness in the range was used to control the process and was used at about the same frequency.
The state estimation results for the EWMA controller applied to titanium sputter deposition are presented in Fig. 13 . Because of the relatively small noise to drift ratio, the offset inherent in the EWMA controller explained earlier is, in this case, readily apparent. The effect is also apparent in the corresponding film thickness control results plotted in Fig. 14. Due to the lag, process performance actually decreased compared to before RbR MBPC. However, whereas for aluminum sputter deposition we did not see a significant impact, the benefits of PCC for titanium sputter deposition are clear (Fig. 15) . The PCC effectively removed the offset in by 10% compared to before RbR MBPC, while eliminating look-ahead tests and reducing the number of monitor wafers by a factor of three.
V. CONCLUSIONS AND FUTURE WORK
RbR MBPC has been applied to metal sputter deposition processes for semiconductor manufacturing. RbR MBPC provides the ability to track and compensate for process drifts without a priori assumptions on their magnitude or consistency (from target to target or collimator to collimator). For processes with a relatively large amount of noise relative to the magnitude of the drift, namely aluminum sputter deposition, we have demonstrated that the EWMA controller is very effective in improving process capability and reducing test wafers. The EWMA controller, though, falls short in the presence of a relatively large drift to noise ratio (i.e., for titanium). In this case, PCC provides a more accurate rate estimator. We have outlined how both RbR controllers can be modified to allow more complex process models to be incorporated, especially to accommodate the dependency of deposition rate on metal film thickness. The application of RbR MBPC resulted here in significantly improved control of the aluminum sputter deposition process, by 44%, while reducing the number of monitor wafers by a factor of three. The application of RbR MBPC to the titanium sputter deposition process eliminated look-ahead tests and reduced the number of monitor wafers by a factor of three. At the same time, process capability for titanium sputter deposition improved by 10% with the application of RbR MBPC.
The implementation of RbR MBPC methods requires a discriminate method for properly selecting optimal filtering weights. As increasingly more complex process control algorithms make their way into semiconductor manufacturing, the need for turn-key control solutions for process engineers becomes imperative. Therefore, future work will focus on the implementation of a self-tuning EWMA controller such as that described in [18] . In addition, more complex processes may require the use of general approximation structures for representative process models for control. A second goal for the future will be the implementation of general internal model control (IMC) architectures such as that described in [7] , [19] . Finally, the need for control methods which facilitate model updates at infrequent and nonconstant sampling periods, while still containing feed-forward estimates of the process state, will provide the potential for further reduction of test wafers. 
